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Accumulating evidence showed that cancer stem cells (CSCs) play significant roles in
cancer initiation, resistance to therapy, recurrence and metastasis. Cancer stem cells
possess the ability of self-renewal and can initiate tumor growth and avoid lethal factors
through flexible metabolic reprogramming. Abnormal lipid metabolism has been reported
to be involved in the cancer stemness and promote the development of cancer. Lipid
metabolism includes lipid uptake, lipolysis, fatty acid oxidation, de novo lipogenesis, and
lipid desaturation. Abnormal lipid metabolism leads to ferroptosis of CSCs. In this review,
we comprehensively summarized the role of intra- and extracellular lipid signals in cancer
stemness, and explored the feasibility of using lipid metabolism-related treatment
strategies for future cancer.
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INTRODUCTION

Cancer stem cells (CSCs) have been found in many common cancer types, including breast,
colorectal, brain cancer and leukemia. However, more and more people have realized that not
all cancer types adhere to the CSC model (Batlle and Clevers, 2017). For example, no CSCs were
found in melanoma (Quintana et al., 2008). Generally, CSCs show a high potential of plasticity,
which can transform from a quiescent state to a proliferative state and/or commit to a differentiated
state when activated. Cancer stem cells, including tumor-initiating cells (TICs), are a small subgroup
of cancer cells exhibiting self-renewal and tumor-initiating properties, which account for cancer
initiation, metastasis, resistance to therapy, recurrence, and poor prognosis (Libby et al., 2018).
Therefore, targeting CSC is a promising therapeutic strategy. However, there is a lack of targeted
drugs because CSC has strong plasticity. In some cases, CSCs appear to be derived from tissue stem
cells that gain oncogenic transformation (Batlle and Clevers, 2017), while in other cases, tumor cells
possess stem-cell traits of becoming CSCs (Prasetyanti and Medema, 2017).

Accumulating evidence showed that tumor cells acquired stem-cell traits through metabolic
reprogramming. Cancer stem cells have been reported to be metabolically different from
regular cancer cells. According to the report, glioma stem cells are different from their progeny
and rely mainly on oxidative phosphorylation (Vlashi et al., 2011). As mentioned earlier, CSCs
can either reside in a quiescent state or proliferate vigorously. The lifecycle of stem cells is a
metabolism-dependent process comprising of maintenance and acquisition of stemness to
lineage commitment and specification (Folmes and Terzic, 2016). They have an oxidative
phenotype when they are quiescent, and switch to a combined glycolytic/oxidative metabolic
program when they are forced to proliferate (Peiris-Pages et al., 2016). Therefore, it is emerging
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that there is no universal metabolic pattern to distinguish
CSCs from non-CSCs. Cancer stem cells and non-CSCs
preferentially use glycolysis or oxidative phosphorylation,
depending on the tumor type and research model used
(Batlle and Clevers, 2017).

In addition to studies focusing on glucose metabolism of
cancers, the other studies also have indicated that CSCs
extremely rely on the lipid metabolism. Cholesterol and
fatty acids (FA) are not only the important components of
animal cell membranes but also precursors for a wide variety of
biological molecules. Due to the potential toxic effects of
excessive accumulation of cholesterol and fatty acids on
individual cells and the whole animal, their expression must
be strictly regulated (DeBose-Boyd, 2018). Lipid metabolism
has been regarded as the key factors for the correct function of
pathways involved in CSC fate decision and characteristics of
CSC like chemotherapy evasion (Ye et al., 2016; Mancini et al.,
2018). The enhanced lipid metabolism is essential for the
survival, growth, and oncogenicity of CSCs (Libby et al,
2018; Pan et al, 2020). Fatty acids serve as another fuel
pathway for CSCs. Increased levels of lipids and fatty acid
oxidation (FAO)-related genes have been observed in CSCs.
The elevated FAO can maintain CSCs self-renewal by
modulating lipid and membrane synthesis, quenching ROS
through NADPH production, and promoting chemoresistance
(Daniel et al., 2021). A lipogenic switch is observed in CSCs,
which facilitate the production of monounsaturated lipids that
are less susceptible to lipid peroxidation, thus restricting the
detrimental effect of ROS and contributing to cancer
progression and metastasis (Vazquez-Martin et al., 2013;
Daniel et al, 2021). Researchers have tried to
alternative approaches targeting key regulators in CSC lipid
metabolism, but many of them still face challenges.

Cancer stem cells possess indefinite self-renewal ability to
initiate and maintain tumor growth, and they can avoid lethal
factors through their flexible metabolic reprogramming.
Therefore, targeting CSCs is of great significance for
reducing the risk of resistance to therapy, recurrence, and
metastasis. Lipid metabolism reprogramming has been widely
seen in CSCs, but the extent to which changes affect CSCs
remains a mystery and the underlying mechanisms that
regulate this metabolic plasticity need to be further
elucidated. In this review, we summarized the
reprogramming of lipid metabolism, including intracellular
lipid signals in CSCs, lipid droplets contents, lipid uptake,
lipolysis, fatty acid oxidation, lipid desaturation, lipid
peroxidation, and the influence of lipid signals in
components of the tumor microenvironment (TME) on
CSCs, and explore the potential lipid metabolism-related
targets for cancer therapy.

invent

Intra Lipid Signals Alterations IN CSCs
Lipid Synthesis

In normal conditions, de novo lipogenesis is strictly regulated,
and the excess carbohydrates are converted into lipids through
a series of reactions. It mainly happens in specific locations,
such as liver or adipose tissue (Ameer et al., 2014). However,
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the characteristics of cancer cells, including vigorous
metabolism, rapid proliferation, and production of ATP
through glycolysis, form a TME that is nutritionally
deficient, acidified, and hypoxic (Arneth, 2019; Vitale et al,,
2019; Bader et al., 2020). Therefore, compared with normal
cells, cancer cells are highly dependent on de novo lipogenesis
for survival and growth. It is pointed out that de novo
lipogenesis produced over 90% of the lipids stored in lipid
droplets (LDs) in cancer cells (Menendez and Lupu, 2007). In
addition, even when exogenous fatty acids are sufficient, de
novo lipogenesis is still upregulated (Mashima et al., 2009).
The conversion of lipid acquisition from lipid intake to de novo
lipogenesis had a protective effect on CSCs. It supported the
survival of CSCs from both endogenous and exogenous
injuries and enhanced the resistance to radiotherapy and
chemotherapy through transformation of membrane
properties (Rysman et al., 2010).

Accumulating studies have shown that the key enzymes in
the de novo lipogenesis, including fatty acid synthase (FASN),
acetyl-CoA carboxylase (ACC), ATP-citrate lyase (ACLY)
(Figure 1), were abnormally upregulated in CSCs, leading
to the upregulation of de novo lipogenesis (Gopal et al., 1963;
Santos and Schulze, 2012; Ameer et al., 2014; Bergroth et al.,
2016). For example, in breast cancer cells, the enhanced
expression of ACLY was related to the upregulation of
snail proteins, which triggered tumorigenesis and
enhanced cancer stemness (Hanai et al, 2013). These
upregulated key enzymes could promote tumor growth in
many cancer types, such as breast, prostate and non-small cell
lung cancer (Al-Bahlani et al., 2017; Lee et al., 2017; Singh
et al., 2018; Mouhid et al., 2019; Lounis et al., 2020; Yang D.
et al., 2020; Simeone et al., 2021). In the meantime, studies
have proved that drugs that inhibited the expression of these
key enzymes, such as resveratrol and bakuchiol, could
restrain the stemness of CSCs and achieve a certain
curative effect (Table 1; Figure 2). Pandey et al. used
resveratrol, a kind of hypolipidemic drug, successfully
restrained the growth of breast CSCs, because resveratrol
could restrain the de novo lipogenesis by inhibiting the
expression of FASN and inducing apoptosis of CSCs
(Pandey et al, 2011). Similarly, bakuchiol could target
breast CSCs by modulating the expression levels of Notch3
and FASN in the zebrafish embryos model (Li L. et al., 2017).

In addition to fatty acid synthesis, the mevalonate pathway,
which is the pathway of cholesterol synthesis, also plays an
important role in the modulation of the stemness of CSCs. The
cellular cholesterol is closely related to the stemness features
of CSCs, such as resistance to therapy and vigorous growth.
For example, in gallbladder cancer, the depletion of
cholesterol made CSCs sensitive to cisplatin (Zhang Y.
et al., 2019). The transcription factor, ¢-MYC, could
promote the stemness of CSCs by regulating the
mevalonate pathway (Wang et al., 2017). More and more
studies have reported that the inhibition of the mevalonate
pathway suppressed the stemness of CSCs. A series of
inhibitors targeting the key enzymes of the mevalonate
pathway have been proven to be effectively suppress the
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FIGURE 1 | Lipid signals alteration in CSCs and TME. Intracellular lipid signals comprise of lipid uptake, lipolysis, fatty acid oxidation, lipid synthesis, lipid
desaturation, and lipid peroxidation. In this figure, we have briefly exhibited the pathways of lipid uptake, lipolysis, fatty acid oxidation, lipid synthesis, and lipid
desaturation. The metabolic products of other forms of metabolism, such as citrate produced in glucose metabolism, are transported out of mitochondria by citrate-
pyruvate cycle. Then, citrate is converted to malonyl-CoA by the catalysis of ACLY and ACC. Malonyl-CoA is used by FASN to synthesize FAs. Redundant FAs
result from de novo synthesis and uptake by CD36 are stored in LDs, and LDs provide FAs by lipolysis. Fatty acids can be converted into acyl-CoA, and the latter can be
transported into mitochondria by CPT1 for fatty acid p-oxidation. Besides, SCD1 can catalyze FAs into MUFAs. In CSCs, these pathways are abnormally
upregulated. The pathway of lipid synthesis is closely related with the stemness features, including cell growth and proliferation, invasion and metastasis, and
resistance to therapy, in CSCs. The inhibition of lipid synthesis induces the death of CSCs. The upregulation of lipid desaturation supports the growth, proliferation,
and resistance to therapy in CSCs. Inhibiting SCD1 improves the sensibility of CSCs to ferroptosis. The higher level of LDs promotes the growth and proliferation of
CSCs. Blockage of lipolysis leads to the death of CSCs. The upregulation of lipid uptake supports the growth and proliferation of CSCs. The upregulation of FAO
has a positive effect on the growth, proliferation, invasion, metastasis, and resistance to therapy in CSCs. Extracellular lipid signals in TME also support the
stemness of CSCs. Mesenchymal stem cells induce the expression of AGAP2-AS1 and HCP5 to elevate FAO in CSCs to support the stemness of CSCs. Besides,
CAAs improve the levels of LDs and the expression of CPT1 and CD36 by secreting cell factors or lipid transfer to support the stemness of CSCs. (ACLY, ATP
citrate lyase; ACC, acetyl-CoA carboxylase; CAA, cancer-associated adipocytes; FA, fatty acid; FAQO, fatty acid oxidation; FASN, fatty acid synthase; CD36, cluster
of differentiation 36; LD, lipid droplet; CPT1, carnitine palmitoyltransferase-1; MUFA, monounsaturated fatty acid; MSC, mesenchymal stem cell; SCD1, stearoyl-

CoA desaturase 1; TME, tumor microenvironment).

stemness of CSCs and inhibit the progression of tumors. The
inhibitors of hydroxy-3-methylglutaryl CoA reductase
(HMGCR), including statins (Figure 2), could block the
mevalonate pathway by inhibiting this key rate-limiting
enzyme, thereby impairing the function and stemness of
CSCs (Ginestier et al.,, 2012; Likus et al., 2016; Mattoli
et al., 2016; Vasquez-Bochm et al., 2019). Besides, Walsh
et al. found that the downregulation of 3-hydroxy-3-
methylglutaryl-CoA synthase 1 (HMGCS1), the mevalonate
precursor enzyme, inhibited the function of breast CSCs
(Walsh et al., 2020). Squalene epoxidase (SQLE), another
rate-limiting enzyme in the mevalonate pathway, also plays

an important role in the modulation of stemness. It has been
proved to be related to the generation of CSCs and the
initiation of metastasis by inducing epithelial-mesenchymal
transition (EMT) of aggressive colorectal cancer cells. The
reduction of SQLE promoted the progression of aggressive
colorectal cancer by regulating oncogenic pathway and tumor
suppressor pathway (Jun et al., 2021). The lack of SQLE led to
the blockage of cholesterol synthesis and the accumulation of
upstream metabolite squalene. The accumulation of squalene
protected ALK" anaplastic large cell lymphoma cells from
oxidative cell death, which provided a survival advantage
under conditions of oxidative stress and in tumor
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TABLE 1 | Inhibitors of lipid metabolism involved in CSCs.

Metabolism Drug Target Cancer types
types
Lipid uptake CD36 antibody CD36 Oral carcinomas
Mantle Cell lymphoma CSCs
MTN CD36 Glioblastoma CSCs
Lipid synthesis Resveratrol FASN Breast CSCs
Glioblastoma CSCs
Microrna-127 pro-drug FASN Triple negative breast cancer
Cerulenin FASN Pancreatic CSCs
Glioma CSCs
Bakuchiol FASN Breast CSCs
C75 FASN Luminal-B breast CSCs
G28 FASN Triple negative breast cancer
Orlistat FASN Mutated EGFR non-small cell
lung cancer
Soraphen A ACC Breast CSCs
TOF A ACC Breast CSCs
Atorvastatin Mevalonate Pancreatic ductal CSCs
pathway
Metformin Mevalonate Colorectal CSCs
pathway
Lipophilic statins such as atorvastatin, Mevalonate Breast CSCs
lovastatin, and simvastatin pathway
Simvastatin Mevalonate Ovarian CSCs
pathway

Pyrvinium pamoate

Lipid synthesis

Triple-negative breast cancer

FAO Etomoxir CPT1 Acute myeloid leukemia CSCs
CPT1 Gastric CSCs
ST1326 CPT1 Lymphoma
Acute myeloid leukemia
Lipolysis TOFA Not known Ovarian CSCs
Lipid MF-438 SCD1 Ovarian CSCs
desaturation
Lung CSCs
SSI-4 SCD1 Hepatocellular CSCs
A939572 SCD1 Ovarian CSCs
SCD1 Hepatocellular CSCs
BetA SCD1 Colorectal cancer
Cay10566 SCD1 Ovarian CSCs
SCD1 Ovarian CSCs
SCD1 Glioma CSCs
T-3764518 SCD1 Colorectal cancer
Lipid Knockdown of Frizzled-7 GPX4 Platinum-tolerant cancer cell
peroxidation line
RSL3 GPX4 Ovarian adenocarcinoma cells
siRNA GPX4 Pancreatic CSCs
duplexes
Salinomycin Iron Breast CSCs
TME Frax-NPCGKRK CAFs Pancreatic CSCs

Function

Blocking metastatic potential of CD36" oral carcinoma in a mouse
model

Inhibiting the resistance to bortezomib

Inhibiting the capabilities of self-renewal and tumor initiation

Inhibiting the expression of FASN and result in CSCs apoptosis
Affecting the Wnt signaling and restraining the survival and motility of
CSCs

Retraining survival and growth of CSCs and the resistance to
chemotherapy

Inhibiting FASN and restraining the aggressiveness of pancreatic
CSCs

Restraining the capabilities of proliferation and migration

Inhibiting metastasis and inducing apoptosis

Inhibiting the endocrine resistance of CSCs

Inhibiting the mammosphere-formation capacity of CSCs

Inducing the EGFR ubiquitination and making CSCs re-sensitive
to TKI

Inhibiting mammosphere formation

Downregulating the expression of ACC and the load of Ids, and
suppressing the stemness of breast cancer

Inhibiting the growth of CSCs

Inhibiting the survival of CSCs

Inhibiting the captivity of EMT in CSCs

Inhibiting the plasticity of CSCs and metastasis

Impairing the anabolic flux from glucose to cholesterol and fatty acids

Inhibiting the survival of CSCs
Inhibiting the stemness and chemotherapy of CSCs

Induction of lipotoxicity

Inhibiting the EMT of CSCs

Inducing ferroptosis

Modulation of the resistance to therapy in CSCs

Modulation of the resistance to therapy in CSCs

Inducing to ferroptosis

Suppressing the captivities of self-renewal and metastasis and the
resistance to sorafenib

Inducing rapid cell death in all colon CSCs

Inducing to ferroptosis and inhibiting the proliferation of CSCs
Inhibiting the growth of ovarian CSCs

Inhibiting the growth of glioma CSCs

Activating endoplasmic reticulum stress responses

Reversing the resistance to therapy and suppressing stemness

Reversing multidrug resistance to chemotherapy
Knockdown of GPX4 and suppressing stemness

Inducing ferroptosis
Inhibiting the dense stroma barrier

Lipid Metabolism in CSCs

Refs

Pascual et al. (2017)

Luanpitpong et al. (2019)
Hale et al. (2014)

Pandey et al. (2011)
Cilibrasi et al. (2017)

Umeh-Garcia et al. (2020)
Brandi et al. (2017)
‘Yasumoto et al. (2016)
Tirinato et al. (2017)
(Menendez et al., 2020; Menendez
et al,, 2021)

Giré-Perafita et al. (2019)
Ali et al. (2018)
Vancampfort et al. (2014)
Hershey et al. (2019)
Brandi et al. (2017)

Seo et al. (2020)

Koohestanimobarhan et al. (2018)

Kato et al. (2018)

Dattilo et al. (2020)

Samudio et al. (2010)
He et al. (2019)

(Pacilli et al., 2013; Ricciardi et al.,
2015)

Pouyafar et al. (2019)
Wang et al. (2018b)
Pisanu et al. (2017)
Wang et al. (2018b)
Wang et al. (2018b)
Li et al. (2017a)
Potze et al. (2016)
Wang et al. (2018b)
Kagan et al. (2017)
Pinkham et al. (2019)
Zhang et al. (2014)

Wang et al. (2021)

Gao et al. (2019)
Peng et al. (2019)

Mai et al. (2017)
Pei et al. (2019)

CSCs, cancer stem cells; MTN, 2-methylthio-1,4-naphthoquinone; FASN, fatty acid synthase; ACC, acetyl-CoA carboxylase; CPT1, carnitine palmitoyltransferase-1; SCD1, stearoyl-CoA
desaturase 1; GPX4, glutathione peroxidase 4; TME, tumor microenvironment; CAFs, cancer-associated fibroblasts;, EGFR, epidermal growth factor receptor; TKI, tyrosine kinase

inhibitor.

xenografts (Garcia-Bermudez et al., 2019). Besides, metformin
(Figure 2) could restrain the growth of colorectal CSCs and
reduce the number of CSCs by suppressing the mevalonate
pathway (Seo et al., 2020). The combined inhibition of FASN
and mevalonate pathway had a stronger anti-proliferative effect
on pancreatic CSCs than parental cells, which exhibited lower
metabolic activity (Brandi et al., 2017).

In summary, due to the deficiency of exogenous lipids in
the tumor microenvironment, cancer cells are highly
dependent on de novo lipogenesis to gain lipids (Yi et al,,
2018). De novo lipogenesis involves a complicated network
of pathways, which means there are plentiful potential
targets. The modulation of de novo lipogenesis has great
potential in the domain of cancer treatment.
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Lipid Uptake

Compared with normal cells, cancer cells have vigorous
metabolism, which requires cancer cells to take up more
lipids. Cancer cells uptake lipids through a variety of routes,
including CD36/fatty acid translocase, low-density
lipoprotein (LDL) mediated endocytosis, and fatty acid
transport proteins (Snaebjornsson et al., 2020) (Figure 1).
To improve lipid uptake, cancer cells upregulate cell surface
receptors, such as CD36 (Koizume and Miyagi, 2016), which
is the focus of current research.

CD36 is a transmembrane glycoprotein that mediates the
uptake of hydrophobic molecules, such as FAs and
cholesterol (Wang and Li, 2019). CD36 is frequently
acquired or amplified in CSCs of many cancer types,
which is also associated with more aggressive tumor and
poorer prognosis (Cancer Genome Atlas Research, 2015;
Ladanyi et al., 2018). For example, in glioblastoma, the
elevated expression of CD36 promotes the growth of CSCs
and helps CSCs to maintain stemness (Hale et al., 2014).
Besides, in ovarian CSCs, the expressions of CD36 and other
enzymes in lipid metabolism such as ACC, stearoyl-CoA
desaturase (SCD), and carnitine palmitoyltransferase 1
(CPT1), were upregulated compared to well-established
cancer cells. The reprogramming of lipid
metabolism improved the metabolic plasticity of CSCs,
which maintained the stemness of CSCs and provided
survival advantages for CSCs. The author pointed out that
the recurrence of drug-resistant ovarian cancer was
common, which might be mainly caused by the residual
CSCs. Targeting lipid uptake might be a promising
approach to improve the prognosis of ovarian cancer
(Ghoneum et al., 2020). Furthermore, the upregulated
expression of CD36 was found to play an important role
in the process of metastasis. Pascual et al. found that a
subgroup of CSCs with higher CD36 expression made an
important contribution to the oral cancer metastasis in
mouse models. The upregulated expression of CD36
enhanced the ability of CSCs to initiate metastasis by
upregulating the expression of metastasis-related genes.
Besides, the CSCs with higher CD36 expression could take
up more exogenous lipids, which could be promoted by
palmitic acid or a high-fat diet. The expression of genes
associated with lipid metabolism, such as lipid p -oxidation,
was also upregulated in this subgroup of CSCs, which
supported the survival and growth of CSCs at sites of
metastasis. The blockage of CD36 could inhibit the
metastasis of oral cancer and reduced the size of lymph
node metastases. This study indicated that therapies
targeting CD36 had great potential to improve the
prognosis of cancers by inhibiting metastasis. Clinically, it
was reported that the inhibition of CD36 could inhibit the
metastasis of melanoma and breast cancer (Pascual et al,,
2017) (Table 1; Figure 2).

In summary, the upregulated expression of CD36 plays an
important role in the mediation of stemness in CSCs, such as
oral, ovarian, and glioblastoma CSCs, and is associated with

ovarian

Lipid Metabolism in CSCs

the cancer metastasis. The blockage of CD36 can effectively
inhibit the stemness of CSCs and inhibit the progression of
cancers in several studies. Therefore, drugs targeting CD36
have potential to target cancer, and we may improve the
prognosis of cancers by reducing the intake of lipids in
the diet.

Lipid Storage

Lipid droplet is a kind of lipid storage organelles and the hub
for lipid metabolic processes (Walther et al., 2017) (Figure 1).
Lipid droplets have been proved to play an important role in
maintaining cell homeostasis, such as preventing lipotoxicity
and protecting against mitochondrial damage during
autophagy (Olzmann and Carvalho, 2019). The biogenesis
of LDs mainly relies on three lipid pools: extracellular lipid
uptake, endogenous de novo lipogenesis, and hydrolyzed
endogenous structural lipids (Walther et al., 2017). The
decomposition of LDs relies on lipolysis or lipophagy (Yi
et al., 2018), and the interaction of the biogenesis and
decomposition of LDs affects the level of LDs in CSCs
(Cruz et al,, 2020). Changes in LDs in CSCs have been
observed in several cancer types, including colorectal,
ovarian cancer and melanoma (Tirinato et al, 2015;
Giampietri et al., 2017; Stockwell et al., 2017; Tirinato et al.,
2017; Barreno et al., 2019).

Compared with the regular tumor cells, CSCs have more
LDs in ovarian and colorectal cancer (Tirinato et al., 2015;
Stockwell et al., 2017; Tirinato et al., 2017). For example,
Tirinato et al. have proved that the level of LDs was highly
elevated in the CSCs of colorectal cancer, which was the sign
of CSCs. They observed that the load of intracellular LDs was
directly related to the expression level of the colorectal CSCs
markers, such as CD133 and Wnt pathway. Compared with
the colorectal CSCs with lower content of LDs content,
colorectal CSCs with higher LDs content appear to show
higher stemness features (Tirinato et al., 2015). Similarly,
the enrichment of intracellular LDs was related to the
stemness of the BT474 breast cancer cell line (Hershey
et al, 2019). The upregulation of LDs enhances the
stemness of CSCs, and the downregulation of LDs also
impairs the stemness of CSCs. An inhibitor of acetyl-CoA
carboxylase-a, 5-(tetradecyloxy)-2-furoic acid, could block
endogenous de novo FA synthesis and reduce intracellular
LDs load. It could significantly inhibit second-generation
mammosphere-forming ability of BT474 breast cancer cell
line (Hershey et al., 2019).

In addition, it has been reported that elevated LDs can
support the survival of CSCs. Based on the Warburg effect,
tumor cells tend to produce energy through aerobic
glycolysis rather than oxidative phosphorylation (Liberti
and Locasale, 2016). Therefore, the upregulated LDs
provide an alternative energy source to CSCs when
glycolysis is inhibited (Bailey et al., 2015). Besides, as
lipid storage organelles, LDs limit the contact and
reaction between lipid and reactive oxygen species (ROS)
and protect CSCs from ferroptosis (Hershey et al.,, 2019).
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In summary, the accumulated LDs maintain the stemness of
CSCs and benefit the survival of CSCs, helping CSCs survive in
the situation where glycolysis is restrained and protecting CSCs
from peroxidation. Therapies designed to downregulate the LDs
load in CSCs have potential to inhibit cancer.

Lipolysis

Lipolysis defines the process of lipids breakdown, including the
reaction of hydrolysis of triglycerides into glycerol and free fatty
acids (Zechner et al., 2012) (Figure 1). The lipolysis in CSCs
supports the survival, growth, and resistance to therapy of CSCs.
ADP-ribosylation factor 1 (Arfl) is located in the Golgi
apparatus and plays an important role in intra-Golgi
transport, including the transport of lipolytic enzymes to the
surface of LDs to initiate lipolysis. The knockdown of Arfl could
inhibit lipolysis in the digestive system of adult Drosophila,
resulting in selective necrosis of normal and transformed stem
cells. The author stated that the above phenomenon might
provide new insights for the development of treatments for
CSCs in human cancers (Singh et al., 2016). A study conducted
by Wang et al. supported this notion, which showed that the
knockdown of Arfl-pathway could kill CSCs effectively. The
dying CSCs could be converted into therapeutic vaccines to
stimulate a tumor-specific immune response, leading to
sustaining benefits (Wang G. et al., 2020).

Interestingly, Pouyafar et al. found that the inhibition of
lipolysis improved the EMT capacity of ovarian CSCs, while
inhibiting glycolysis had an opposite result. The author pointed
out that the potential EMT-promotion ability raised alertness of
lipolysis inhibition application (Pouyafar et al., 2019).

Fatty Acid B-oxidation

Fatty acid oxidation (FAO) is a catabolic process that consumes
long-chain fatty acids to provide ATP and NADPH, both of
which promote cancer growth (Houten et al, 2016). In many
cancer types, including colorectal, gastric, and breast cancer,
accompanied by upregulated lipid synthesis and lipid uptake,
FAO is also upregulated to maintain the balance of intracellular
lipid (Carracedo et al., 2013; Camarda et al., 2016; Ma et al., 2018;
Han et al., 2019). The elevated expressions of key rate-limiting
FAO-related enzymes, such as fatty acyl-CoA synthetase, CPT1,
carnitine palmitoyltransferase 2 (CPT2), are essential for the
upregulation of FAO (Ma et al, 2018), which may herald a
poor prognosis in acute myeloid leukemia and ovarian cancer
(Shao et al., 2016; Shi et al., 2016).

Carnitine palmitoyltransferase 1 is the key rate-limiting
enzyme of FAO, which transfers acyl-CoA from the cytoplasm
into mitochondria and directly controls the rate of FAO and
regulates cancer metabolic adaptation (Figure 1). Carnitine
palmitoyltransferase 1 has three subtypes, CPT1A, CPT1B and
CPTIC. Carnitine palmitoyltransferase 1A and CPT1B are widely
distributed in the human body and show high similarities, while
CPT1C is specifically expressed in the brain (Qu et al., 2016). The
expressions of CPT1 and CPT2 are closely related to the ability of
resistance to therapy, self-renewal, and metastasis in CSCs
(Iwamoto et al., 2018; Yao et al., 2018; Han et al., 2019; Han
et al., 2021).

Lipid Metabolism in CSCs

More and more studies have shown that FAO plays an
important role in mediating the resistance to cancer therapy,
such as breast cancer and leukemia (Barger et al., 2013; Shinohara
etal,, 2016; Farge et al., 2017; Kitajima et al., 2017). The resistance
to therapy is a major obstacle in cancer treatment, especially for
patients with multi-organ metastases. It is reported that NANOG,
a type of stem cell marker, can promote the stemness features of
self-renewal and the resistance to therapy in CSCs by activating
FAO. The downregulation of NANOG could make hepatocellular
CSCs re-sensitive to sorafenib and inhibit the progression of
hepatocellular carcinoma (Chen et al., 2016). In acute myeloid
leukemia cells, increased expression of CD36 and FAO was found
to be associated with the resistance to cytarabine (Farge et al,
2017). Wang et al. proved that blocking CPT1B by inhibiting
JAK/STATS3 pathway could suppress the stemness of breast CSCs
and re-sensitize breast CSCs to chemotherapy (Wang B. et al,
2018). Similarly, it has been found that the increased expressions
of CPT1 and CPT2 are associated with the resistance to
radiotherapy of breast cancer (Han et al, 2019). Besides,
significant anti-angiogenic drug resistance has been found in
adipose-associated tumors, including colorectal cancer and
pancreatic ductal adenocarcinoma (PDAC). Blocking the
function of CPT1A could re-sensitize tumor cells to anti-
angiogenic drugs (Iwamoto et al, 2018). Furthermore,
Nimmakayala et al. proved that FAO played an essential part
in inducing oxidative phosphorylation in drug-resistant PDAC
stem cells. Interestingly, in this study, the authors found that
different subgroups of distant metastases of PDAC had different
metabolic characteristics. Compared to lung metastasis cells, liver
metastasis cells showed higher expression levels of FAO-related
genes, such as CPT1A. It indicated that the innate metabolic
features of different subpopulations of CSCs might determine the
metastasis destinations of cancer (Nimmakayala et al., 2021).

Besides, the FAO pathway affects other functions of CSCs.
The upregulation of FAO in CSCs improved the ability of
metastasis by inducing EMT (Wang et al., 2019a), and
enhanced the ability of self-renewal in breast CSCs (Wang
T. et al, 2018). The expression level of fatty acyl-CoA
synthetase VL3 (ACSVL3), an enzyme in the process of
FAO, was significantly increased in glioblastoma CSCs and
the knockdown of ACSVL3 inhibited the neurosphere-
forming ability of glioblastoma. The author pointed out
that ACSVL3 was a potential therapeutic target for
glioblastoma because normal cells could survive and grow
without ACSVL3 (Sun et al.,, 2014).

Accumulating studies have proved the relationship between
resistance to therapy and FAO, which means the FAO inhibitor
may become potential adjuvant therapy for therapy-resistant
cancers and improve the prognosis of cancers (Table 1). In
addition, the upregulation of FAO has been proved to support
the stemness of CSCs and promote the progression of cancers.
Based on these, drugs targeting to FAO have potential for cancer
therapy.

Lipid Desaturation
In cancer cells, vigorous lipid synthesis and lipid uptake inevitably
results in the accumulation of lipids, leading to lipotoxicity (Pinel
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et al,, 2016). In addition to LDs, the lipid desaturation pathways
can protect cancer cells from lipotoxicity and generate
unsaturated lipids for the growth and proliferation of cancer
cells (Mason et al., 2012; Peck et al., 2016). Unsaturated lipids are
critical to the structure of cell membranes, which also improve the
fluidity of cellular membranes (Peck and Schulze, 2016; Vanni
et al.,, 2019).

Stearoyl-CoA desaturase is the key rate-limiting enzyme for lipid
desaturation. It is a delta-9 fatty acid desaturase located in the
endoplasmic reticulum membrane, which catalyzes saturated fatty
acids (SFAs) to monounsaturated fatty acids (MUFAs) (Tracz-
Gaszewska and Dobrzyn, 2019) (Figure 1). Monounsaturated
fatty acids are essential materials for the biosynthesis of other
unsaturated lipids, including polyunsaturated fatty acids (PUFAs),
phospholipids (PL), and triglycerides, which are associated with cell
growth, energy metabolism, and signal transduction. Stearoyl-CoA
desaturase 1 is the main isoform of SCDs in humans and expresses in
all tissues and organs widely (Zhang et al, 1999). It plays an
important role in lipid desaturation and is the hotspot of current
research. It has been observed that the expression of SCD1 is
upregulated in hepatocellular, renal clear cell, lung, prostate and
breast cancer, which is associated with poorer prognosis (Fritz et al.,
2010; Holder et al., 2013; von Roemeling et al., 2013; Huang et al.,
2015; Wohlhieter et al., 2020). Recent evidence also supported that
SCD1 involved in many tumor-related pathways and played
important roles in the self-renewal, metastasis, and resistance to
therapy in glioblastoma, breast, lung and bladder CSCs (Noto et al,,
2013; Colacino et al., 2016; Li J. et al., 2017; Mukherjee et al., 2017;
Noto et al., 2017; Pisanu et al., 2018; Pinkham et al., 2019; Gao et al.,
2020; Yu et al., 2021).

Based on these findings, SCD1 appears to be a significant
participant in the development of malignancies and may be a
promising target for anticancer therapy. Li et al. found the level of
unsaturated lipids in ovarian CSCs was significantly elevated
compared to non-stem cells of ovarian cancer. The reduction of
lipid desaturation by inhibiting SCD1 could restrain the stemness of
CSCs and cause the death of CSCs (Table 1). Experiments have also
demonstrated that there is a positive feedback relationship between
NF-kB signaling and SCD1, so we can suppress the expression of
SCD1 by inhibiting the NF-kB signaling pathway to enhance cancer
therapy (Li J. et al, 2017; Mukherjee et al, 2017). Besides, SCD1
inhibitors could be used as an adjuvant therapy to improve the
sensitivity of CSCs to other antitumor drugs. In glioblastoma
CSCs, by the inhibition of SCD1, the secondary accumulation of
SFAs impaired DNA-repair mechanisms, and ultimately improved
the efficacy of temozolomide (Pinkham et al.,, 2019). Similarly, in lung
CSCs, the combined use of SCD1 inhibitors made therapy-resistant
lung cancer re-sensitize to cisplatin (Pisanu et al,, 2017).

Interestingly, Zhang et al. observed that SCD1 had a negative
impact on the survival of leukemia CSCs. The inhibition of SCD1
accelerates the development of chronic myeloid leukemia (Zhang et al,
2012), which might indicate the potential differential role of SCD1 in
solid tumor and hematological tumor. The metabolic plasticity of CSCs
in solid tumors may explain this difference. Liver and lung carcinomas
could produce unsaturated fatty acids by desaturating palmitate to
sapienate, which was an unusual fatty acid, to resist the cellular damage
caused by the inhibition of SCD1 (Vriens et al., 2019).

Lipid Metabolism in CSCs

The pathway of lipid desaturation is essential to cell survival and
is prevalently upregulated in many types of cancers. The key enzyme,
SCD1, is upregulated in CSCs of many cancer types, which
supported the growth of CSCs by providing MUFAs and
protecting CSCs from lipotoxicity. Increasing evidence has proved
that targeting SCD1 could inhibit the stemness of CSCs and suppress
the progression of cancers. However, the existence of other lipid
desaturation pathways suggests that only inhibiting SCD1 may not
be enough to restrain the progression of some cancer lines.

Ferroptosis

Ferroptosis is an iron-induced, lipid-peroxide-driven form of
programmed cell death (Dixon et al,, 2012; Galluzzi et al,, 2015; Li
et al, 2019; Mou et al,, 2019; Elgendy et al,, 2020) (Table 1). The
morphological features of dysmorphic smaller mitochondria with
decreased and flat cristae, condensed mitochondrial membrane,
and ruptured outer membrane help us distinguish ferroptosis from
other forms of cell death (Dixon et al,, 2012). Lethal lipid peroxide
(LPO), which is cytotoxic, is the primary cause of ferroptosis. The
production of LPO is mainly from two pathways, the pathways of
auto-oxidation of lipids and enzymatic lipid peroxidation. The process
of auto-oxidation of lipids, a free radical chain reaction, is usually
initiated by ROS and leads to the accumulation of LPO (Ito et al., 2016;
Hassannia et al., 2019; Ito et al., 2019; Yamada et al., 2020). In addition
to the lipid peroxidation caused by ROS, lipid peroxides can be
produced by enzymatic lipid peroxidation (Hassannia et al., 2019).
Under the catalysis of acyl-CoA synthetase long-chain family member
4 (ACSIA), lysophosphatidylcholine acyltransferase 3 (LPCAT3), and
15-lipoxygenase (15LOX/ALOX15), arachidonoyl and adrenoyl
phospholipids can be oxidized to produce LPO (Doll et al., 2017;
Kagan et al,, 2017) (Figure 3).

The elimination of LPO can protect cells from ferroptosis. The
elimination of LPO relies on system X./GSH/GPX4 axis,
NADPH/FSP1/coenzyme Q;o (CoQ;) axis, and other methods
(Li and Li, 2020) (Figure 3). System X~ is a glutamate/cystine
anti-porter, which transports cystine into cells. Cystine is an
important component of the synthesis of GSH. Glutathione
peroxidase 4 (GPX4) is an enzyme that can reduce lipid
hydroperoxides within biological membranes, which converts
GSH to GSSH to reduce LPO and inhibit ferroptosis
(Brigelius-Flohé and Maiorino, 2013; Li and Li, 2020). Besides,
ferroptosis suppressor protein 1 (FSP1) catalyzes CoQ;o to
ubiquinol by consuming NAD(P)H, which can reduce LPO
(Doll et al.,, 2019; Li and Li, 2020). Glutathione peroxidase 4
and FSP1 have synergistic effects on anti-ferroptosis. It has been
reported that the inhibition of GPX4 led to the upregulated
expression of FSP1 to protect cells from ferroptosis (Bersuker
et al,, 2019).

In order to promote growth, cancer cells exhibit a higher iron
requirement and more vigorous lipid metabolism than normal, non-
cancer cells. These characteristics make cancer cells more vulnerable
to ferroptosis (Hassannia et al., 2019; Yang Y. et al., 2020). Although
the natural functions of ferroptosis remain unclear, ferroptosis shows
great potential in cancer therapy, such as gastric, liver and pancreatic
cancer (Zhang X. et al,, 2019; Xu et al., 2019; Lee et al., 2020; Song
et al.,, 2020; Zhang et al., 2020). For example, sorafenib as a system
X¢ inhibitor can improve the prognosis of patients with advanced
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renal cell carcinoma and advanced hepatocellular carcinoma (Cheng
et al,, 2019). In addition, several studies have reported the induction
of ferroptosis led to the suppression of the stemness of CSCs,
including colorectal, breast, and glioblastoma CSCs (Buccarelli
et al, 2018; Zhao et al, 2019; Xu et al, 2020). It has been
reported that CSCs are less susceptible to death by classical
apoptosis inducers (Elgendy et al, 2020). Therefore, ferroptosis
provides us with a new way to treat cancer by inducing
programmed cell death in cancer cells (Orlando et al,, 2019). The
increased susceptibility to ferroptosis is associated with the
suppression of the stemness in CSCs. For example, Liu et al.
found that the overexpression of the CSC marker CD44 was
positively associated with the stability of SLC7A11, which is an
important component of system Xc (Liu T. et al, 2019). The
regulations of key factors in the process of lipid peroxidation, such as
inhibiting the expression of system X, GPX4, and FSPI, or
enhancing the expression of ALOX15, or ACSL4, have been
proved to be effective in the inhibition of CSCs stemness by
inducing ferroptosis. Salinomycin exhibited a powerful ability to
induce breast CSCs to ferroptosis by increasing iron accumulation
and blocking the activity of GPX4 (Zhao et al,, 2019). Additionally, it
was reported that ionizing radiation induced the upregulated
expression of ACSL4 and the accumulation of LPO, thereby,
impairing and killing cancer cells. The absence of ACSL4 led to
the resistance to radiotherapy in CSCs (Lei et al., 2020).
Ferroptosis is not only related to lipid peroxidation but also
closely related to the entire lipid metabolism of CSCs. As
mentioned above, the level of LDs and the expression of SCD1
are closely related to the stemness of CSCs, partly because of their
protective effects against lipid peroxidation and ferroptosis. Lipid
droplets prevent the contact and reaction of lipids with ROS
(Stockwell et al., 2017). The involvement of SCD1 is essential for
the conversion of SFAs to MUFAs, which is beneficial to the
prevention of ferroptosis (Magtanong et al., 2019). Tesfay et al.
observed that the inhibition of SCD1 significantly enhanced the
anti-tumor effect of ferroptosis inducers in ovarian CSCs. The
author pointed out that the combined therapy of SCD1 inhibitors
and ferroptosis inducers had great potential in cancer treatment
(Tesfay et al., 2019). Besides, the mevalonate pathway also played
a protective role against ferroptosis by increasing the expression
of GPX4 and CoQ;q (Stockwell et al., 2017). Based on these
studies, the multiple combinations of the inducers of ferroptosis
seem to have a better effect on cancer therapy (Figure 2).
Although the significant effects of ferroptosis in cancer
therapy have been demonstrated in a series of experiments,
making it a current research hotspot, several issues need to be
considered before using ferroptosis inducers in clinical trials.
First, the susceptibility to ferroptosis varies in different cancer
cells. Compared to breast, colon, and lung cancers, renal cell
carcinoma and diffuse large B cell lymphomas are more sensitive
to ferroptosis (Mou et al.,, 2019), which indicates that not all
cancer types are suitable for the treatment with ferroptosis
inducers. Second, the direct or indirect inhibition or
deactivation of GXP4 could lead to ferroptosis (Yang and
Stockwell, 2016; Imai et al., 2017; Kajarabille and Latunde-
Dada, 2019; Su et al., 2019). However, a study conducted by
Bersuker et al. exhibited that the ferroptosis-resistant H460 lung
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cancer cells could grow normally with knockout of GPX4 in a
preclinical tumor xenograft mouse model. The growth of tumors
could be inhibited only by knocking out both GPX4 and FSP1
(Bersuker et al., 2019; Doll et al., 2019). Besides, Mannes et al.
pointed out that even a minute level of GPX4 expression was
sufficient for therapy-resistant cancer cells to survive, suggesting
that only partial inhibition of the expressions of GPX4 and FSP1
might not be enough to kill CSCs in some cancers (Mannes
et al., 2011). Third, ferroptosis is a complex process, and its
function in normal cells is still unclear. The side effects of
ferroptosis on normal cells must be considered. Therefore,
studies focusing on the effects of ferroptosis in normal cells
are needed. In conclusion, regulating ferroptosis in CSCs seems
to have potential to improve cancer therapy, yet further
research is still needed.

The Signaling Pathways Associated With
Lipid Metabolism in CSCs

In CSCs, the signaling pathways associated with lipid metabolism,
such as Wnt, Notch, Hippo and Hedgehog signaling pathways,
play important roles in the regulation of the stemness of CSCs.
For example, the Wnt/B-catenin signaling pathway enhanced de
novo lipogenesis by increasing the expression and activity of the
key enzymes in de novo lipogenesis in breast cancer cells (Vergara
et al,, 2017). Wang et al. found that the knockdown of FZD7, a
kind of Wnt receptor that drove the upregulation of GPX4, could
make platinum-tolerant ovarian CSCs re-sensitive to platinum,
restrain the stemness and induce CSCs to ferroptosis (Wang et al.,
2021). Accumulating evidence has proved that several signaling
pathways are closely related to SCD1. The inhibition of SCD1 led
to the selective elimination of colon CSCs through suppressing
Wnt and Notch signaling (Yu et al., 2021). The results showed
that the crosstalk between SCD1 and Hippo pathway played an
important role in maintaining the stemness features of the lung,
gastric, and melanoma CSCs (Noto et al., 2017; Pisanu et al., 2018;
Gao et al,, 2020). Besides, the Notch signaling pathway mediated
the homeostasis of liver cancer cells by controlling FAO by
mediating the expression of the FAO-associated genes (Song
et al., 2016). Hu et al. pointed out that cholesterol could
activate Hedgehog signaling pathway by binding and/or
modifying Smoothened receptor (a component of Hedgehog
signaling) to support the stemness of CSCs (Hu and Song, 2019).

Signaling pathways are closely related with lipid metabolism
and have synergistic effects on the mediation of the stemness in
CSCs. Targeting signaling pathways can improve cancer therapy
by directly inhibiting stemness or indirectly inhibiting stemness
by regulating lipid metabolism in CSCs.

The Transcription Factors and Non-coding
RNAs Associated With Lipid Metabolism in
CSCs

A series of transcription factors have been proved to play essential
roles in regulating the CSCs stemness by modulating lipid
metabolism. For example, sterol regulatory element-binding
proteins (SREBPs) are key transcription factors that have a
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FIGURE 2| The pathways of lipid peroxidation and ferroptosis. The production of LPO mainly results from auto-oxidation of lipids and enzymatic lipid peroxidation.
Auto-oxidation of lipid is a radical reaction, which means the upstream reaction can induce the downstream reaction. PL is converted to PL® by ROS, which is the
production of Fe?* and H,O,. PL® reacts with O, to form PL-OO®, which further reacts with a new PL to form PL-OOH and a new PL®, proceeding downstream radical
reaction. Enzymatic lipid peroxidation mainly takes place in AA or AdA. AA and AdA can be converted into PE-AA-OOH and PE-AdA-OOH by the catalysis of
ACSL4, LPCAT3, and 15-LOX. The elimination of LPO mainly relies on GPX4 and FSP1. Cystine is transported into cells via system x.~, which is the raw material for the
production of GSH. GPX4 converts GSH to GSSH and reduces LPO in the meantime. Besides, FPS1 converts CoQ1 to ubiquinol, which reduces LPO. The
accumulation of LPO, caused by excessive production or blockage of elimination of LPO, leads to ferroptosis. (15-LOX, 15-lipoxygenases; AA, arachidonoyl; ACSL4,
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lysophosphatidylcholine acyltransferase 3; PL, phospholipids; PL®, phospholipid radical; GPX4, glutathione peroxidase 4; GSH, glutathione; GSSG, glutathione

wide range of effects on lipid metabolism. They include three
subtypes: SREBP-1a, SREBP-1c, and SREBP-2 (Cheng et al,
2018). The target genes of SREBPs are involved in the
mediation of cholesterol uptake, biosynthesis, and fatty acid
synthesis (Wen et al., 2018). Dysregulation of SREBPs occurs
in various cancers. The knockdown of SREBP1 or SREBP2
restrained the expression of stemness-related genes and had an
anti-proliferative effect on colon cancer cells (Wen et al., 2018).
Besides, Lewis et al. found that the inhibition of SREBP blocked
the expression of fatty acid-binding protein 7, which is a regulator

of the functions of glioblastoma stem cells, and further impaired
the survival of CSCs (Lewis et al., 2015). In addition to directly
modulating SREBP, recent research has shown that it was feasible
to restrain the stemness of CSCs by regulating the upstream
pathways of SREBPs. The signaling pathways of peroxisome
proliferator-activated ~ receptor (PPARs) were positively
associated with adipogenesis and lipid storage, and supported
the mediation of stemness of CSCs, including breast, pancreatic,
colorectal and hepatic CSCs (Wang et al., 2013; Ma et al., 2019;
Kuramoto et al., 2021).
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In addition to transcription factors, emerging evidence
suggests that non-coding RNAs can mediate the stemness
of CSCs by regulating lipid metabolism. For example, in
triple-negative breast cancer, metformin could selectively
eliminate CSCs by inducing the production of miRNA-193
family members. They induced apoptosis in CSCs by
restraining the expression of FASN protein (Wahdan-
Alaswad et al., 2014). Besides, another non-coding RNA,
miRNA-328-3p, was found to suppress the stemness of
breast cancer cells by modulating FAO. However, in
ovarian CSCs, the inhibition of miRNA-328-3p restrained
the stemness of CSCs, which was inconsistent with breast
CSCs. The author pointed out that the function of miRNA-
328-3p might differ in different tissues and cancer types (Zeng
et al., 2021). Other non-coding RNAs, such as circular RNA,
had been found to be involved in lipid metabolism, including
FAO and fatty acid synthesis and influenced stemness
properties of CSCs (Yu et al., 2019).

Extracellular Signals Alterations IN CSCs

Apart from the intracellular lipid alterations in CSCs, the alterations
of extracellular lipid signals in the TME also have significant effects
on CSCs. The TME comprised of multiple stromal cells, including
cancer-associated fibroblasts (CAFs), cancer-associated adipocytes
(CAAs), mesenchymal stem cells (MSCs), immune cells and the

extracellular matrix (ECM) as well (Quail and Joyce, 2013;
Belli et al., 2018; Najafi et al., 2019; Terrén et al., 2019).
Previous research has shown that there is a close relationship
between cancer cells and components in the TME. These
components regulate survival, growth, proliferation,
invasion, metastasis, and resistance to therapy of cancer
cells in numerous cancer types, such as hepatic, pancreatic,
lung cancer and lymphomas (Wu et al., 2019b; Wang S. et al.,
2020; Ling et al., 2021; Menter et al., 2021). Furthermore,
many studies targeting stromal cells, immune cells, and ECM
have proved that cancer can be inhibited and CSCs stemness
can be impaired by regulating the TME, including targeting
lipid signals in components of TME, especially in CAFs,
CAAs, and MSCs.

The Lipid Metabolism Rewiring on the Cell

Communications Within the TME
Cancer-associated Fibroblasts

Cancer-associated fibroblasts are the most plentiful cells among
stromal cells in the TME and are related to cancer progression,
such as gastric and liver cancer (Kubo et al., 2016; Chen and Song,
2019; Kobayashi et al., 2019). Nowadays, accumulating studies
have shown that CAFs supported the stemness of CSCs. For
example, Zhang et al. found that CAFs secreted miR-522 to
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inhibit ALOX-15 in gastric cancer cells and suppressed
ferroptosis. Furthermore, cisplatin and paclitaxel promoted the
secretion of miR-522 in CAFs, which suppressed ferroptosis and
improved chemoresistance (Zhang et al., 2020) (Figure 1 and
Table 1).

Cancer-associated fibroblasts promote the survival of CSCs by
suppressing ferroptosis. However, studies targeting lipid
metabolism in CAFs are still lacking, which may offer insights
into potential therapeutic strategies in cancer treatment.

Cancer-associated Adipocytes

Cancer-associated adipocytes are a subpopulation of adipocytes
that support the progression of cancer. They can be found in
tumor tissues, or in peritumoral regions of tumors, and even in
distal tissues. Based on that, CAAs are divided into intratumoral
adipocytes and peritumoral adipocytes (Cao, 2019).

Increasing evidence has proved that CAAs played important
roles in the progression of cancers, such as breast and pancreatic
cancer (Wu et al,, 2019a; Cai et al., 2019; Takehara et al., 2020;
Zhao et al., 2020). They promoted the self-renewal of CSCs and
the progression of cancer. It was reported that CAAs promoted
the self-renewal and proliferation of prostate CSCs by secreting
cathepsin B. In breast cancer, Wang et al. found that co-cultured
adipocytes acted as the reservoir of lipids and transferred FAs to
breast CSCs to support the growth of breast CSCs. Furthermore,
fatty acids transferred from adipocytes to breast CSCs induced
the upregulated expression of CPT1B to improve stemness
(Wang T. et al, 2018) (Figure 1).

Besides, CAAs are associated with the resistance of CSCs to therapy.
Chi et al. found that the co-culture of adipocytes and melanoma cells
enhanced the chemoresistance to cisplatin and docetaxel (Chi et al,,
2014). In breast and pancreatic cancer, researchers have observed a
similar phenomenon in chemoresistance to gemcitabine (De Angel
et al,, 2013; Okumura et al,, 2017). The ability of CAAs to enhance
resistance to therapy may be due to its secreted factors. Leptin was
reported to inhibit the sensitivity to hormonal therapy in breast cancer
(Delort et al,, 2019; Kitson et al., 2019).

In addition, CSCs could transform normal adipocytes to
support their growth, which was observed in a recent study
based on a mouse model of blast crisis chronic myeloid
leukemia. A subpopulation of leukemic CSCs had an ability
to induce the lipolysis of gonadal adipose tissue cells and
provided free fatty acid to leukemic CSCs for metabolism,
especially the subpopulation of CD36" leukemic CSCs. The
author speculated that the leukemic CSCs transformed
gonadal adipose tissue into a niche to support their
survival and evade chemotherapy (Ye et al., 2016).

Moreover, epidemiological research has shown that the obese
people are more likely to suffer from cancers, including colorectal,
breast, prostate, gastric, thyroid, pancreatic, and hepatic cancers
(Allott et al., 2013; Bardou et al., 2013; De Pergola and Silvestris,
2013; Ilic and Ilic, 2016; Engin, 2017; Avgerinos et al., 2019; Saitta
et al.,, 2019; Matrone et al., 2020). Sametime, obesity is associated
with poorer prognosis in breast and colorectal cancer (Bardou
et al., 2013; Jiralerspong and Goodwin, 2016). Besides, free fatty
acids excreted by host cells also promoted the growth of tumor
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cells (Martinez-Outschoorn et al., 2011). Obese adipose tissues
are more beneficial to cancer cells to grow compared with their
lean counterparts by providing more lipids and limiting drug
perfusion (Cao, 2019). It has been reported that obese adipocytes
upregulated the expression of CD36 in ovarian CSCs to support
the stemness of CSCs (Ladanyi et al., 2018).

In short, CAAs act as a lipids storage for CSCs to support
their growth and secrete cell factors to support the stemness of
CSCs. Obesity is a risk factor for cancer, which is related to the
higher incidence and poorer prognosis of cancer, which
possibly results from higher contents of adipocytes in obese
patients.

Mesenchymal Stem Cells

Mesenchymal stem cells are a type of multipotent stem cells and play
important roles in regeneration and wound healing (Li et al., 2019).
However, in the TME, MSCs are transformed to support the growth
of cancer cells and promote cancer progression (Ono et al,, 2014;
Zhang X. et al,, 2018; Chen et al,, 2019; Liu Y. et al., 2019). Studies
have shown that MSCs could regulate the stemness of CSCs by
reconnecting lipid metabolism. For example, researchers reported
MSCs could induce the expressions of AGAP2-AS1 and HCPS5, the
long non-coding RNAs, thereby promoting stemness and resistance
to therapy in gastric and breast cancer by elevating FAO (He et al,
2019; Wu H. et al,, 2020; Han et al., 2021) (Figure 1). Besides, MSCs
could influence CSCs by mediating immune cells in TME. The
MSCs of acute myeloid leukemia had higher expression of
cyclooxygenase, which was the key enzyme in the production of
prostaglandin D2 (PGD2). Prostaglandin D2 and its receptor
prostaglandin D2 receptor 2 (PTGDR2) promoted the
proliferation of malignant hematopoietic stem and progenitor
cells by promoting the expansion of immune cells including type
2 innate lymphoid cells and CD4"CD25+IL5Ra+ T regulatory cells
and promoting the production of cytokines including Interleukin-5,
which could be inhibited by the blockage of PTGDR2 (Wu L. et al,,
2020). In gastric CSCs, the expressions of PGD2 synthase and
PTGDR2 were downregulated, leading to the upregulated
expression of CSC markers and enhanced ability of self-renewal
(Zhang B. et al,, 2018).

The cooperation with CSCs and MSCs has improved the
stemness of CSCs and drives cancer progression. Some cell
factors, such as AGAP2-AS1, HCP5, serve as potential targets
to inhibit the progression of cancer and improve the
chemotherapy efficacy in cancer.

Systematic Extracellular Lipids

In the TME, the exogenous lipids support the survival and growth
of cancer cells. Accumulating evidence indicated that obesity was
associated with higher cancer risk and poorer prognosis (Park
et al., 2014; Hopkins et al., 2016; Avgerinos et al., 2019). Obesity-
associated protein, an RNA N6-methyladenosine demethylase,
had been identified to promote obesity and play oncogenic roles
in cancer. Su et al. found that the inhibition of obesity-associated
protein could restrain the ability of self-renewal in leukemia CSCs
and reprogram immune response of leukemia CSCs by
suppressing expression of immune checkpoint genes (Su et al.,
2020). Tesfay et al. found that providing exogenous palmitoleic
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acid or oleate to ovarian cancer cells could protect them from
ferroptosis (Tesfay et al., 2019). Besides, exogenous lipids could
positively modulate Notch signaling, which plays a critical role in
CSCs proliferation (Li et al., 2020).

The high lipid diet has been proved to promote tumorigenesis
and cancer progression, including melanoma and breast cancer
(Pascual et al,, 2017; Wang B. et al., 2018). The high cholesterol
diet was found to support the proliferation of intestinal stem cells,
which proved to be the initiating cells of intestinal tumors, and
promote the tumorigenesis (Wang B. et al., 2018). Beyaz et al.
found that high-fat diet enhanced the stemness and tumor-
initiating potential of intestinal CSCs by inducing the
expression of transcription factor PPAR § (Beyaz et al,, 2016),
which was found to mediate the effect of a high-fat diet in
promoting liver metastasis by inducing the expansion of
colonic CSCs (Wang et al., 2019b).

Systematic exogenous lipids also play important roles in the
mediation of stemness in CSCs. The regulations of exogenous
lipids are beneficial to cancer therapy.

CONCLUSION AND PERSPECTIVES

Cancer stem cells are a subpopulation of cancer cells that play
significant roles in promoting cancer progression and are the
principal causes of resistance to therapy, relapse, and metastasis
(Batlle and Clevers, 2017). Lipid signals are widely altered in the
CSCs of numerous cancer types, by which CSCs gain survival
advantages and promote cancer progression. In this review, we
described the influence of intracellular lipid signals, including lipid
droplets contents, lipid uptake, lipolysis, fatty acid oxidation, lipid
desaturation, lipid peroxidation of CSCs, and the influence of lipid
signals on components in the TME on CSCs. Generally, the
upregulation of intracellular lipid metabolism, except for lipid
peroxidation, plays important roles in maintaining the stemness
of CSCs and promoting the growth and progression of cancer and is
correlated with poor prognosis. The elements in TME, such as
CAFs, CAAs, MSCs, have supportive effects on the maintenance of
CSCs stemness by reconnecting lipid signals. More and more studies
have proved that targeting lipid signals is a potential treatment for
cancer therapy. The regulations of key enzymes in lipid metabolism
or ferroptosis could exhibit anti-tumor effects in CSCs and cancer
cells, including restraining the ability of self-renewal, growth,
metastasis of CSCs, inducing ferroptosis, and reversing the
resistance to therapy of CSCs, offering opportunities to develop
novel drugs for cancer treatment. Inhibition of the extracellular lipid
signals impairs the supportive effects of TME on CSCs.

Although it sounds promising, we must be careful because
cholesterol and fatty acids are the fundamental energy sources for
almost all the cells and are the precursors for a wide variety of molecules
that play remarkable biological roles. It is necessary to identify specific
targets to inhibit lipid signals only in CSCs without affecting normal
cells that generally use lipids to produce energy. For example, muscle
stem cells are dependent on mitochondrial fatty acid oxidation and
oxidative phosphorylation and intestinal stem cells highly rely on fatty
acid oxidation in their maintenance (Mihaylova et al, 2018). The
molecular basis of the differences regarding lipid metabolism in CSCs

Lipid Metabolism in CSCs

and normal cells remains poorly understood. So far, most drugs
targeting lipid metabolism are still in preclinical research, and few
studies have mentioned the side effects of the drugs targeting lipid
metabolism on normal cells. Therefore, more efforts are needed to
fulfill the transformation of this potential therapeutic approach into the
clinic. The combination of the inhibitors of lipid metabolism with a
targeted drug delivery system may serve as an alternative.

Some signaling pathways have been reported to regulate both
lipid metabolism and stemness, for example, AMPK pathway.
Active AMPK promotes the oxidation of fatty acids and inhibits
the synthesis of fatty acids and cholesterol, which involves largely
in acetyl-CoA. The AMPK pathway also phosphorylates and
inhibits HMGCR, which requires acetyl-CoA during the
reduction reaction (Koo and Guan, 2018). This offers insights
into reducing tumor energy supply by targeting AMPK signaling.
However, AMPK can directly phosphorylate YAP and inhibit its
transcriptional activity. The AMPK pathway is tightly involved in
cancer drug resistance by regulating ABCG2 expression (Wang
et al,, 2016). The inhibitors of AMPK have been reported to
promote epithelial-to-mesenchymal transition in breast and
prostate cancer (Yuan et al., 2020). Therefore, depending on
conditions, whether AMPK inhibition therapy suppresses or
promotes cancer remains ambiguous. When developing
pathway-specific activators/inhibitors, although they sound
attractive and promising, yet cautions must be taken to
evaluate its effects systematically in the long run.

The heterogeneity of CSCs must be taken into
consideration. Lipid metabolism exerts varying effects on
different cancer types or even different subtypes of certain
cancer. The inhibition of lipolysis increased EMT-associated
genes in ovarian stem cells. Unlike most of the cancer types,
SCD1 plays a tumor-suppressive role in leukemia stem cells
with no effect on the function of normal hematopoietic stem
cells (Zhang et al., 2012; Pouyafar et al., 2019). These data
suggest that we cannot simply extrapolate the conclusions
applicable from one cancer to another cancer.

At present, research on extracellular lipid signals is too scarce
to further prove the feasibility of this therapeutic method for
cancer therapy. Further consideration and research are needed to
prove the effectiveness and safety of anti-tumor drugs based on
lipid signals. However, in summary, targeting lipid signals gives
us a new way to cure cancers.
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GLOSSARY

AA Arachidonoyl

ACACA Acetyl-CoA carboxylase A
ACC Acetyl-CoA carboxylase
ACLY ATP-citrate lyase

ACSL4 Acyl-CoA synthetase long-chain family member 4
ACSVL3 Acyl-CoA synthetase VL3
AdA Adrenoyl

AML Acute myelocytic leukemia
Arfl ADP-ribosylation factor 1

ATP Adenosine triphosphate

CAA Cancer-associated adipocyte
CAF Cancer-associated fibroblast

CE Cholesterol ester

CoQ;¢ Coenzyme Qo

CPT Carnitine palmitoyltransferase
CSC Cancer stem cell

ECM Extracellular matrix

EMT Epithelial-mesenchymal transition
FA Fatty acid

FAOQ Fatty acid oxidation

FASN Fatty acid synthase

FSP1 Ferroptosis suppressor protein 1
GPX4 Glutathione peroxidase 4
GSH Glutathione

Lipid Metabolism in CSCs

HMGCR Hydroxy-3-methylglutaryl CoA reductase
HMGCS]1 3-hydroxy-3-methylglutaryl-CoA synthase 1
LD Lipid droplet

LDL Low-density lipoprotein

LPCATS3 Lysophosphatidylcholine acyltransferase 3
LPO Lethal lipid peroxide

MSC Mesenchymal stem cell

MTN 2-methylthio-1,4-naphthoquinone

MUFA Monounsaturated fatty acid

NADPH Nicotinamide adenine dinucleotide phosphate
PDAC Pancreatic ductal adenocarcinoma

PGD2 Prostaglandin D2

PL Phospholipid

PPAR Peroxisome proliferator-activated receptor
PTGDR2 Prostaglandin D2 receptor 2

PUFA Polyunsaturated fatty acid

ROS Reactive oxygen species

SCD Stearoyl-CoA desaturase

SFA Saturated fatty acid

SQLE Squalene epoxidase

SREBP Sterol regulatory element-binding protein
TG Triglyceride

TIC Tumor initiating cell

TME Tumor microenvironment
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